fested fields ranged in size from 4 to 16 ha. In addition to Japan and the United States, the pathogen has been reported on lettuce in Iran in 1995 (15) , Taiwan in 1998 (9) , and Italy in 2001 (8) .
Lettuce has become the dominant vegetable crop in southwestern Arizona (Yuma County), with over 28,000 ha devoted to its production. Crisphead (iceberg) lettuce accounts for 20,000 ha, followed by 5,000 ha of romaine and 3,000 ha of green leaf, red leaf, and butterhead. Lettuce seed is sown from early September though December to provide a daily supply of lettuce from November through late March. There are significant differences in soil and air temperatures as well as time required to achieve maturity within this September through December planting season. Lettuce cultivars have been developed for optimum performance within a specific window or time period during the planting season. Some cultivars are bred to endure the high to moderate temperatures (daily maximum ranges from ca. 30 to 45°C) encountered in September and October, others grow best in the moderate to mild temperatures (daily maximum ranges from ca. 25 to 30°C) common from late October through early December, while some cultivars are best suited for the cool to mild temperatures (daily maximum ranges from ca. 10 to 30°C) from December through March.
Lettuce plants displaying symptoms of Fusarium wilt to date have all been found in commercial fields from mid-October through early January. Planting dates for these fields ranged from September to mid-October. Furthermore, 25 of 27 fields in which Fusarium wilt was found were planted to a crisphead cultivar. These observations suggest that lettuce plantings established in September to mid-October, especially plantings of crisphead lettuce, may be more at risk to Fusarium wilt than lettuce plantings made later in the season.
The objective of our research was to examine the impact of planting date, cultivar, and stage of plant development on the resultant incidence of Fusarium wilt of lettuce in the field, with the goal of acquiring data that may facilitate development of disease management guidelines that would enable growers to minimize losses due to Fusarium wilt of lettuce.
Fusarium wilt of lettuce, first recognized in Japan in 1955, has since been discovered in the United States (California in 1990, Arizona in 2001), Iran (1995) , Taiwan (1998) , and Italy (2001) . In Arizona, the causal agent, Fusarium oxysporum f. sp. lactucae, has been recovered from lettuce plants in 27 different lettuce fields during the 2001 to 2003 production seasons. Studies were initiated to examine the impact of planting date, cultivar, and stage of plant development on the incidence of disease in the field. In 2002 and 2003, tested lettuce cultivars were sown in at least one of the following planting windows; early-season (September), mid-season (October), and late-season (December). Within each planting window, significant differences in disease incidence among lettuce cultivars were noted at plant maturity. The mean incidence of Fusarium wilt on cultivars sown in September, October, and December was 92.3, 15.1, and 2.0%, respectively, in 2002 and 74.2, 5.1, and 0.7%, respectively, in 2003. The mean soil temperatures at the10-cm depth during the September, October, and December plantings for both years were 26, 14, and 14°C, respectively. Initial symptoms of Fusarium wilt were apparent as early as 14 days after seeding, with increasing incidence of disease noted as the crop developed and reached maturity. Among all lettuce cultivars planted in September, only one and two cultivars of romaine in 2002 and 2003, respectively, reached maturity with ≤5% incidence of Fusarium wilt, whereas the lowest incidence of disease among crisphead, green leaf, red leaf, or butterhead cultivars was 73.7, 27.0, 20.2, and 65.7%, respectively, in 2002 and 62.1, 29.0, 100, and 100%, respectively, in 2003. For October plantings, all romaine cultivars had ≤5% incidence of Fusarium wilt at maturity, whereas disease incidence among tested cultivars of crisphead lettuce in 2002 and 2003 ranged from 0.8 to 66.8% and 0.3 to 43.3%, respectively. When planted in December, 82 and 88% of tested cultivars, including all romaine entries, reached maturity with ≤1% incidence of Fusarium wilt. Selection of appropriate lettuce cultivars and planting times should allow successful production of lettuce in the southwestern Arizona production region with minimal or no incidence of disease in fields infested with F. oxysporum f. sp. lactucae. On the other hand, successful production of lettuce in infested fields when temperatures favor disease development will not be possible until lettuce cultivars are developed that possess high tolerance or resistance to the pathogen.
MATERIALS AND METHODS
Trials were established in a 16-ha commercial field in southwestern Arizona. When planted to crisphead lettuce in the fall of 2001, this field sustained severe crop loss due to Fusarium wilt. Laserleveling and other cultivation practices helped spread the infested soil to produce a uniformly infested field for these studies. In 2002 and again in 2003, each lettuce cultivar was sown in at least one of the following planting windows: early-season (September), mid-season (October), and late-season (December). In 2002, the September, October, and December plantings were located in the western, middle, and eastern one-third of the 16-ha field, respectively. In 2003, all three plantings were made in the portion of the field used for the September planting in 2002, with the September, October, and December plantings located in the western, middle, and eastern one-third of this 5.3-ha area of land. The majority of the lettuce cultivars within each planting date were those that would be planted in the desert southwest production region at that time. The remaining cultivars were included for comparison of disease incidence on the same cultivar among different planting dates or for evaluation of plant material not grown commercially in the desert. Plots were planted and managed using current commercial practices, utilizing raised beds with 92 cm between bed centers, with each bed containing two rows of lettuce spaced 30 cm apart. In each planting, the four replicate plots for each tested cultivar were arranged in a randomized complete block design. Analysis of data. CoStat statistical software (CoHort Software, Monterey, CA) was used to perform analysis of variance with the GLM procedure, to determine significant differences among main effects and any interactions, and to conduct linear regression analysis. Means were separated by LSD or Duncan's multiple range test.
RESULTS
The final incidence of Fusarium wilt recorded for each tested lettuce cultivar at crop maturity within each of the three planting dates in 2002 and 2003 is presented in Table 1 . Within each planting date, significant differences in disease incidence were noted among lettuce cultivars. Seven and 16 lettuce cultivars in 2002 and 2003, respectively, were planted at each of the three planting dates for that year. In both years, the incidence of Fusarium wilt was significantly higher in the September planting compared with the October and December plantings ( Table 2 ). In 2002, disease incidence also was significantly higher in the October planting compared with that in December. The mean soil temperatures at a depth of 10 cm during the September, October, and December plantings for 2002 and 2003 were 24 and 28°C, 15 and 14°C, and 14°C, respectively ( Table 2) .
Initial symptoms of Fusarium wilt in September plantings began to appear on some plants approximately 14 days after seeding, when plants were thinned to a stand with 30 cm between seedlings in a row. Within each September planting, the mean incidence of Fusarium wilt increased significantly from the first to the second rating, and from the second to the third and final rating (Table 3 ). In all plantings, the level of Fusarium wilt increased as plant development progressed from juvenility to maturity and was significantly higher at the third rating at crop maturity compared with earlier ratings of younger immature plants. The stage of plant development at the time of each disease assessment in 2002 and 2003, expressed as the percentage of time elapsed from seeding to plant maturity, ranged from 33 to 48%, 60 to 77%, and 100% at the first, second, and third rating dates, respectively. For both years, the mean time from seeding to crop maturity during the September, October, and December plantings was 63, 91, and 101 days, respectively ( Table 4 ). The mean soil temperature from seeding to first disease rating, from first to second rating, and from second to third and final rating, for the September, October, and December (Table 5 ). On the other hand, the main effect of year and the interaction of time of planting × year were not significant. There also was a significant linear correlation (r = 0.886, P < 0.001), described by the equation y = 5.8x -77, between the final incidence of Fusarium wilt at plant maturity and the mean soil temperature at a depth of 10 cm (from seeding to plant maturity) for the lettuce cultivars Buccaneer, Desert Heat, Sharpshooter, and Sniper.
Among all types of lettuce in September plantings, only one and two cultivars of romaine in 2002 and 2003, respectively, reached maturity with ≤5% incidence of Fusarium wilt (Table 1) , whereas the lowest incidence on crisphead, green leaf, red leaf, or butterhead cultivars was 73.7, 27.0, 20.2, and 65.7%, respectively, in 2002 and 62.1, 29.0, 100, and 100%, respectively, in 2003 (Tables 1 and 6 ). In October plant-ings, all romaine cultivars had ≤5% incidence of Fusarium wilt at maturity, whereas disease incidence among the 37 and 30 tested cultivars of crisphead lettuce in 2002 and 2003 ranged from 0.8 to 66.8% and 0.3 to 43.3%, respectively. For December plantings, 82 and 88% of tested cultivars, including all romaine entries, reached maturity with ≤1% incidence of Fusarium wilt (Tables 1 and 6 ).
DISCUSSION
Planting date had a profound effect on the final incidence of Fusarium wilt in these studies. One prominent difference among planting dates was soil temperature. In the September plantings of 2002 and 2003, the mean incidence of Fusarium wilt was 88% and the mean soil temperature was 26°C. Disease incidence for both October plantings was 22%, and the mean soil temperature was 14°C, and for both December plantings, mean disease incidence was 1% and the mean soil temperature also was 14°C. Lower disease incidence in December compared with October plantings, when mean soil temperatures were the same, may be explained by the change in soil temperatures as the October and December lettuce plantings grew and reached maturity. In the October plantings, the recorded mean soil temperature for 2002 and 2003 from seeding to first disease rating, first rating to second rating, and second rating to third (final) rating was 20, 12, and 11°C, respectively; whereas during December plantings, mean recorded soil temperatures at these respective periods of time were 12, 14, and 18°C. Higher soil temperatures early in the development of the lettuce plant, as recorded in October plantings, apparently were more favorable for disease development than higher soil temperature near the end of the crop development cycle, as recorded in December plantings. Hubbard and Gerik (10) reported that an isolate of the lettuce Fusarium wilt pathogen grew in culture from 8 to 32°C, with maximum growth at 28°C. In our studies, a greater incidence of Fusarium wilt was recorded among lettuce plantings when mean soil temperatures were 24 and 28°C compared with disease levels at 14 and 15°C. Temperatures ranging from 25 to 35°C, compared with 10 to 25  28  12  24  25  21  62  24  17 Oct  37  20  21  14  28  10  86  15  6 Dec  50  12  21  15  36  18  107  14  2003-04  3 Sep  28  32  20  28  16  32  64  28  21 Oct  32  19  44  11  21  12  97  14  18 Dec  46  12  18  12  31  18  95  14 y Elapsed time in days. z Mean soil temperature at a depth of 10 cm. (16) reported an increase in disease severity as temperature increased from 24 to 34°C, whereas at 14°C, no wilt symptoms were evident even though the pathogen could be recovered from within banana plant tissue. Fusarium wilt of carnation, caused by F. oxysporum f. sp. dianthi, was most severe at 25 to 26°C, whereas plants below 18°C remained symptomless (1) . Symptoms of Fusarium wilt of chickpea were less severe from 10 to 20°C than from 25 to 30°C (2), and a constant temperature of 35°C was most favorable for disease development on chrysanthemum (6) . Initial symptoms of Fusarium wilt appeared as early as 14 days after seeding on some lettuce cultivars planted in September. The number of plants with symptoms continued to increase from this time to maturity, and disease incidence for all plantings was significantly higher at maturity compared with the first rating early in crop development. Evaluation of plant material for resistance to Fusarium wilt should be conducted at temperatures expected in the field and continued for the duration of time required for plants to mature to generate resistance evaluation data from greenhouse or growth chamber studies that will accurately predict performance in fields infested with F. oxysporum f. sp. lactucae.
Fusarium wilt of lettuce is an emerging disease in the southwestern Arizona production region. The 27 fields currently known to contain F. oxysporum f. sp. lactucae, ranging in size from 4 to 16 ha, currently represent <1% of the total land area devoted to lettuce production in this area. Disease incidence at the time of initial detection of Fusarium wilt ranged from fields with less than 10 symptomatic plants to the occasional field with virtually 100% infected plants. The number of fields infested with F. oxysporum f. sp. lactucae will likely increase as contaminated soil is inadvertently introduced into fields cur-rently free of the pathogen through farming activities such as laser-leveling, disking, and other seed-bed preparation activities, movement of mud-encrusted irrigation pipe used to germinate seed, cultivation, and harvesting crew operations. Growers and harvesters are strongly encouraged to minimize dissemination of the Fusarium wilt pathogen. All agricultural land in southwestern Arizona is double-cropped, i.e., two crops per year, which increases the potential for dispersion of the pathogen. After lettuce or another winter vegetable has been harvested, spring and summer crops, such as melons, cotton, wheat, corn, safflower, or Sudan grass, are planted and grown. Sanitation practices directed at a lettuce pathogen may easily be neglected during the production of these crops.
Seed transmission of F. oxysporum f. sp. lactucae is another means of pathogen dissemination that may account for the appearance of Fusarium wilt on lettuce in geographically distant areas, such as California, Taiwan, Iran, and Italy, at least 35 years after initial discovery in Japan. Garibaldi et al. (7) found that nine of 27 samples of lettuce seed obtained from commercial seed lots planted in fields that were subsequently affected by Fusarium wilt in Italy were contaminated by F. oxysporum. Three of the isolates were pathogenic to lettuce and exhibited a level of pathogenicity similar to that of isolates of F. oxysporum f. sp. lactucae originally isolated from infected plants in Italy, the United States, and Taiwan.
The primary management tool for Fusarium wilt on other crops is the use of resistant cultivars. Our evaluation of crisphead lettuce cultivars, the primary type of lettuce grown in southwestern Arizona, revealed no resistant or tolerant cultivar available for early-season planting in September. Long-term management of Fusarium wilt, using current planting schedules and farming practices, will require development of resistant crisphead and other **, *** = significant at P < 0.01 and P < 0.001, respectively. lettuce types that can be grown successfully in infested fields when temperatures favor disease development. On the other hand, for the short-term, some important disease management strategies can be implemented. The long planting and growing season, starting with first sowing of seed in early September and ending with final harvest in late March, coupled with the effect of temperature on disease development, allows growers to plant some crisphead cultivars in the cool soil during December in the presence of F. oxysporum f. sp. lactucae and expect minimal to no crop loss. Furthermore, several romaine lettuce cultivars could be successfully planted from October through December in fields infested with the pathogen. Other vegetable crops produced in the area, primarily broccoli, cauliflower, and cabbage, can also be grown on land known to be infested with F. oxysporum f. sp. lactucae. These short-term management practices should remain effective until the pathogen has spread to such a large proportion of available land that timing and rotation strategies will no longer be usable. Hopefully, by that time some lettuce cultivars with a high level of tolerance or resistance to the Fusarium wilt pathogen will be available.
Management strategies directed at lowering inoculum levels of F. oxysporum f. sp. lactucae in infested fields could be beneficial in reducing spread of the pathogen both within and between fields. Soil solarization, in particular, may be a useful technique to reduce population levels of the pathogen and disease incidence in infested fields. Chellemi et al. (3) found no difference in the incidence of Fusarium wilt of tomato in plots solarized 40 to 55 days compared with plots fumigated with a mixture of methyl bromide + chloropicrin. Lodha (11) noted that soil solarization for 15 days led to significant reduction in the incidence of Fusarium wilt of cumin. Experiments are in progress to assess the potential of soil solarization as a management tool for Fusarium wilt of lettuce in southwestern Arizona production fields.
